EXHIBIT 4 



Persistence of lymphocytic choriomeningitis virus at 
very low levels in immune mice 

/ ^^"^ Klenerman« Lukas Hunziker. Edit Horvath, Bernhard Odemiatt Adrian K Ochsenbein, Hans Hengartner 
and Rolf M. Zinkemagel ^ ' 

Institute for Experimental Immunology, Department of Pathology, Universfty Hospital, CH-«091 Zurich, Switzerland 
Contributed by Rolf M. Zinkemagel, August 13, 1999 



tyinphocytic choriomeningitis virus (1CMV)« strain WE, Is a non- 
cytopathic RNA virus that Is highly adapted to its natural host^ the 
mouse. Acute infection of aduk mice leads to generalized vints 
spread, followed by cytotoxic t lymphocyte-mediated vinis clear- 
ance below the detcfctioh levels of conventlonai assays within 2-3 
weeks, indirect evidence had suggested that virus or viral antigen 
might persist in tiie immune mous^. Here we demonstrate 
LCMV-WE persistence at low levels after Infection with lO^ or 10^ 
plaque-forming units, shown as viral genome, viral ,antigen/ahd 
replkattve virus using sensitive in vitro and in vivo assays. The 
finding tiiat LCMV-WE persists In tiie face of apparentiy intact 
Immune responses resembles the situation in some viral (hepatitis 
;B and C HIV), and bacterial (tuberculosis, leprosy) Infections in 
humans; the results are relevant to the unden»tanding not only of 
other murine and human persistent viral infections but also of 
protective Immunological memory by "infection Immunity." 

There are a number of featuies that suggest that, after 
apparent dearance of lymphocytic choriomeningitis virus 
(LCpMV) infection (1, 2), vmis or viral antigen may persist to 
variable extent dependent on the LCMV strain (3-7), Firet, 
unlike vacdfiatioii using antigen in other forms, the cytotoxic T 
lymphocyte (CTL) response against LCMV remains demonstra- 
ble after restimulatlon or as precursor CTLs over many months 
(8, 9) and bears hallmarks of acute effector status— rapid killing 
ability « wo and ex vivo and homing to the peripheral tissues 
accompanied by immediate in vivo protective capacity (lG-12). 
Second, neutraUzing antibodies (nAb) responses usually arise 
late after infection (e.g., LCMV-WE) or only marginally [e.g., 
LCMV-Armstrong (13)], when virus appears to have been 
cleared for several weeks (13, 14); a situation shnilar to bona fide 
persistent viruses suc^ as hepatitis B (15, 16), hepatitis C (17), 
and HIV (18), but also tuberculosis (19) and leprosy (20) in 
humans. Third, mice deficient in MHC dass II, T ceHs or 
B cells (and consequently unable to produce T oell help or nAb) 
initially appear to dear virus from all tissues bekw tiie detection 
level of conventional assays^ but succumb to renewed viremia 
after weebs or months (21,^); so, under tiiese conditions there 
is certainly low level persistence of replication-coiripetent virus. 
Finally, treatment with antilymphocry^tic serum 30-50 days after 
LC^ilV infection provoked recrudescence of viremia in. mice 
infected with and inmiune to LCMV-Traub (6)* 

We previously demonstrated low levels of LCMV reverse 
traiiscripts (Le,, viral cDNA) in spleens of LCMV-WE immune 
mjkje or after wt w&t? MectioH (23), ^ 

DMA in persistence of viral antigen has not yet been shown. 
Several attempts to isolate infectious LCMV or influenza virus 
or to detect reverse transcriptase~PCR (RT-PCR) signals from 
mice acutely infected with lOMO^ plaque-foniiing units (pfu) of 
LCMV or other RNA viruses, after they apparently had cleared 
tiie virus, have failed so far (23-26). We find in this study that 
it is possible to detect viral RNA consistentiy in the majority of 
mice infected 40-80 days previously with LCMV-WE by using 
nested RT-PCR, that virus in replicative form also may be 
isolated by usm^ sensitive miT^^ ' 



may be detected in a few cells in tissues (particularly spleen, lung, 
and kidney) by immunohistochemistry/ 

Materials and Methods 

Mice and Viruses. C57BL/6 (B6), BALB/c, and IFN-a//3/7 re- 
ceptor / (AG129) mice were obtained from the breeding 
colony at the Institut fur Labortierkunde (University of Zurich, 
Zurich) and were kept under spedfic pathogen-free conditions! 
They were infected i.v. with low (200 pfu) or high (2 X W pfu) 
doses of LCMV-WE (27) originally <*tained from F. Lehmann^ 
Grube (Pette Institut, Hamburg, Germany), The same virus 
stock was used for all of tiie described experiments. The viral 
titer of the stock was measured by focus-forming assay. 

Virus Determination in Vrtra Focus-forming assay. The focus- 
forming assay was used as described (28). Values of virus titers 
are expressed as logio pfu per organ or per mOliliter of blood. 

Molecular analysis. Organs (a quarter of spleen, lung, or 
kidney) were harvested from immuhiased mice 40-80 days after 
infection, immediately were snap frozen by immensmg tiie tubes 
with long forceps in liquid nitrogen, and were stored at -80°G. 
The frozen tissues were disrupted and homogeiiized in the 
presence of Qiagen (Valencia, CA) lysis buffer by using a 
rotor-statorbomogehizer (Polytron PT 1200, Kinematica AG, 
Lucerne, Switzerland). Tlie tissue lysate was additionally ho- 
mogenized by using QIAshredder and RNA extracted in 40 /il 
of solution by using RNeasy Kit (Qiagen). After DNase- 
treatment (20 units per 10 fi\ of reaction volume; Boehringer 
Mannheim) performed at 37"C for at least 90-120 min, 8 pJi of 
RNA solution was used as a template for reverse transcription 
by using a first strand cDNA synthesis kit (Aniersham Pharma- 
cia) and spedfic glycoprotein (GP) or nucleoprotein (NP) 
primers. The primer sequences (antisense Ri and sense 001 for 
GP and antisense 2818 or sense 3060 for NP) were previously 
published (23) and consistent witii tiie cDNA sequences for 
LCMV-WE (29). Amplification of GP sequences tiien was 
performed by using nested PGR oil 2 of template with primer 
pairs QOl/Rl (primary reaction) followed by RCl/DMl (sec- 
ondary reaction). PGR conditions were 50 jtl of total volume 
containing 20 pmol of each primer, 0.2 fjM dNTPs, 2.5 units of 
Tag polymerase, and 1 X PGR buffer (Boefariiiger Mannheim). 
The cycling conditions for GP-PCR were 94*C for 1 min, 55*^C 
for 1 mm, 72" C for 2 min, 35 cycles (primary reaction), 94'C for 
1 mitt, 4rc for 1 min, 72*»C fdr 1 mm, 35 cycles (secondary 
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reaction). Tbe primers for amplification of NP sequences were 
2818/3060 and NP5'I/NP3'1 for primary and secondary reac- 
tions, respectively (23). The conditions for KP-PCR were 94^C 
for 30 s, 50^C for 1 min, for 30 s, 35 cycles for both 
amplifications. In the secondary reaction, 2 /tl of each primary 
product was used. The final product (10 liS) was run on 1% 
agarose gels and was visualized with eUudium bromide, FCR 
sequendng of these products also was performed after purifi- 
<;ation by using the QIAquick gel extraction kit (Qiageti); We 
were careful to minimize the potential for cross corntamiii^dpn 
and PCR artifacts, PGR mixes were made up iA. a separate 
laboratory with a dedicated set of instruments; cDNA template 
was added to PGR mixes in a third laboratory in whicli LCMV 
culture was not performed; aerosol resistant tips were used. The 
results were obtained independently by three separate operators. 
Control uninfected mouse tissue was processed in parallel and 
was uniformly negative; water controls in both primary and 
secondary reactions were negative throu^out; material fironi 
cDNA reactions in the absence of reverse transcd|)tase was also 
negative. 

fmmunMstology. Samples of freshly removed organs either 
were immersed in Hank's balanced salt solution and snap frozen 
in liquid nitrogen or were fixed with A% formalin solution and 
embedded in Paraplast. Frozen tissue sections were cut in a 
ciyostat, were placed on siliconized glass slides, were air dried, 
were fixed with acetone, and were stored at -^8G*C. To stain for 
LCMV, sections were incubated with rat anti-LXi^MV-NP mono- 
clonal Ab (VL-4) (28). Affinity-purified goat anti-rat-IgG Ab, 
followed by alkaline phosphatase-labeled donkey anti-goat-IgG 
Ab (Jackson ImmunoResearch), were used as secondary re- 
agents. Paraffin sections were pretreated with 0.1% pronase for 
25 mm. After incubation wi^ rabbit ahti-LCNfV antiserum, 
iaffinity'-purified biotinylated swine anti-rabbit Ab were applied, 
followed by ABC/AP (Dako), Alkaline phosphatase was de- 
tected by a red color reaction product using naphthol AS-BI 
phosphate/New Fuchsin as substrates. Sections were counter- 
stained with hemalum. 

Viras Determination in Vivo. Organs were harvested from immu- 
nized mice, were snap frozen exactly as for molecular analysis^ 
and then were stored at — 8(rC After thawing, organs were kept 
on ice; Spleens were gently pressed through a fine stainless steel 
grid, and other otgms were homogenized before intraperitoneal 
adoptive transfer into individual AG 129 mite, which are ex- 
tremely susceptible to LCMV-WE (30). The AG 129 mice were 
kept individually in separate cages becliuse of ve^ efficient 
spread of virus from infected to uninfected AG 129 niice. 
Redpient mice were killed on day 4 after transfer^, and viral titers 
in blood and solid tissues (spleen, kidney, lung) were measured 
in a focus-forming assay. 

Results 

Evaitfation of the Different Methods To Detect LCMV-WE. We eval- 
uated the sensitivity of three, different techniques to detect 
LCMV or LCMV s€^q[uehce$ m ^lid oiigans: (0 itifectious 
focus-forming assay on MC57 cells, (S) nested RT -PCJl, and («r) 
injection of tissue homogenates into AO 129 mice. It should be 
emphasized that it is very difficult to validate the various 
methods with respect to absolute yalues. The reasons that virus 
isolated from organs of infected mice yield a value that cannot 
be reliably related to the real value in the animal are as follows, 
i^rst, there are theoretical lower limits of detectable units when 
the different tests were used to determine virus or RNA in 
biological samples; the factors that influence these are preisented 
in Table L Second, there are limitations iu thesensitivi^ of what 
can be detected (liable 2). Attonpts at mixing known amount 
of virus or infected celfe to unitifected tissues are the best 
approxiinations to imitate actual values in infected oi^ans: Two 



Table % Th4kN«llcat detection levels of the various LCMV 
detection methods In organs of immune mice 



Detection limit 



Focu^fomiing assa^ 


f Nested NP RT-PCR 


Transfer in AG 129 mice 


40-400 pfu* 


100-200 copies* 


2-4 infective units* 



The indicated detection limits for three different LCMV detection methods 
can be calculated from the following dilution factors and optimal sample 
volumes used for each technique: 



*A$ only a quarter of spleen (1/4) was harvested for the focus forming assay, 
yielding 2 ml of tissue homogenate from which only 200 fd (1/10) vyere used 
in the assay, the theoretical detection levef of the focus-formIng assay Is 40 
pfu if one plaque is detected in the first dilution step and 40Q pfu if the cell 
layer in the first dilution well is destroyed by the toxic effects of the homog- 
enate. 

*Only 8 of the total 40-/d RNAsolution extracted from a quarter spleen were 
used forthe reverse transcription reaction (1/5). and 2 ^d of the resulting total 
of 16 fd cpMA (1/8) were Used in the PCR reaction. The theoretical detection 
limit if one copy gives a positive signal would therefore be 160 copies per 
spleen. 

♦We transferred half or a quarter of the whole amount of tissue homogenate 
in AG 129 mice. If one infecth^e unit oif tCMV leads to vtremla In these mice, 
a ntinimum of 2-4 units would be expected in the whole organ. 

test materials were analyzed: first j about 1,5 X 10^ splenocytes 
(a quarter of a naive spleen) were mixed with decreasing 
numbers of LCM V-\VE-iiifected MC57 cells, starting at 10^ cells 
(2 days after infection, multiplicity of infection OM). this 
procedure leads to >90% cells becoming infected as determined 
by f low Qrtoinetry (data not shown). The MC57 cells were 
washed four times at 4**C to remove free virus particles. Alter- 
natively, the equivalent of a quarter of a naive spleen was mixed 
with increasing dilutions of the LCMV- WE stock, starting at 10^ 
pfd; the virus titer of the stock had been determined by 
focus-fOriniiig assay. For nested QP- or NP-specific RT-PCR, 
mixtures Were snap frozen in liquid nitrogen and then were 
processed ^s detailed in Mataiais arid Methods, Snap-frozen 
mked materiais also were used for infection of AG 129 mice by 
intraperitoneal injection , after tfiawing. For the focus-forming 
assay in vitro, the vinisor cells were addedto a quarter of spleen, 
all were homogenized with a teflon pestle in a tight fitting glass 
. tube, were frozen at -8(rC, were thawed, were kept from then 
on strictly on ice, and were analyzed. 

The results are summarized in Table 2. The detection limit of 
the conventional fbcus forming assay was ^10^ infected MC57 
cells or 10* pfu of titrated virus per total spleen. In contrast, 
nested NP RT-PCR detected 10-40 infected MC57 cells and 
"^10^ pfii of LCMV per spleen. Sunilar results were obtained for 
nested OP RTrPCR:. Interestingly, RT-PCR af tW tissue homog- 
eniiation using a teflon pestle {as we had used in earlier studies 
(23) and still use for preparing homogenates for focus-forming 
assay] instead of a rotor-stator homogenizer was 10- to lOQ-fold 
less sensithre. To determine the sensitivity of the PCR, cDNA 
was synthesized from RNA extracted from spleen of naive 
C57BL/6 mice and was mixed with decreasing numbers of 
LCMYrpiasmid copies* Nested PGR specific for was able to 
detect 3-6 plasmid copies (data hot shown)* 

Infection of AG 129 mice detected 1-4 infected MC57 cells 
and 0.2-1 pfu of titrated LCMV per spleen. Similarly, i,v. 
infection of AG 129 mice revealed viremia after inoculation with 
0,1 but not fewer pfii LCMV of a titrated virus stock (data not 
shown). As outlined above, a comparkon of the various methods 
in the sensitivity assay as shown in Table 2 offers a baseline but 
may not appiy fejidily to.the comparison of units detected in 
otgans of iiifected mice.by the same methods (see belpv(^ Table 
4) because ttie status of virus infection and ratio of infectious 
units versus viral RNA Ui vivo is generally unknown. 
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Table 2« Metiiodologioii sensitivities of different LCMV defection melliods evaluated with diluted virus stodc and Infected MC57 cells 

Detection Umit per spleen 

Material tested 



Detectable units 



FocuS'forming assay 



Nested NP RT-PCR 



Transfer in AG 129 mice 



Sjpfeen + Dilutions of LCMV st<Kk 
Spleen + LCMV-lnfected MC57 cells 



pfu 

No. of infected 
MC57 cells 



10* 
102 



102 
10-40 



0^-1 
1-4 



Inaeasing dilutions of a LCMV-WE stock (viral titer measured by focus-forming assay) or decreasing numbers of LCMVnnfected MC57 cells were mixed with 
the equivalent of a quarter of spleen and the Indicated three LCMV-detection methods (as detailed in M3teriak and Methods) were performed on these samples 
to evaluate the respective detection limits. 



Detection of Persistent Viral RNA In Immune Mice by RT-PCR. We used 
nested RT-PCR with GP- and NP-specific primers to idratify 
LCMV GP and MP RNA in different organs of LCMV-WE- 
immune mice. The term **RNA detection" in the following 
sections implies detection of reverse transcribed RNA by nested 
RT-PC3R, as desa*ibed in Material and Methods. The primers and 
strategy are shown in Fig. L4. 

In the first set of experiments, we analyzed organs (spleen^ 
:kidn^, and lung) of B6 mice 40 and 80 days after Lv. infection 
with low dose (200 pfii) or high dose (2 X 10^ pfu) LCMV-WE 
for tiie presence of GP and NP RNA (3-4 mice per group).. 
These organs were diosen because they have often been found 
to haibor persistent viruses in humans (e.g*j CMV)* TTie results 
are summarized in Table 3. RT-PCR data are shown for two itnice 
in Fig. W. The agarose gel bands in Fig. W are representative 
of the RT-PCR~posith^e raw data used for Table 3. GP-specific 
RNA could be detected at least in one of the mentioned organs 
in all 13 mice tested in this experiment: 40 days after low dose 
(200 pfu) LCMV-WE infection 2/3 spleens and 3/3 lungs were 
:posittve for GP RT-PCR whereas kidneys were negative. The 
proportion of detectable GP-speqific RNA was 2/4 for spleen, 
lung, or kidney on day $0 after infection. As expected^ thp 
percentage of positive organs by detection of L<MV*GP RNA 
was higher after high dose (2 X 10^ pfu) LCMV-WE immuni- 
zation: With one exception, all organs of three mice tested were . 
PCR-positiye on day 40 after infection. GP-specific RNA could 
still be detected 80 days after infection in 1/3 spleens, 2/3 
kidneys, and 2/3 lungs, each mouse being LCMV positive in one 
or two of the three tested organs. 

Eight PCR products sequenced from eight individual B6 
LCMV-WE immune mice confirmed LCMV-GP-spedfic ampli- 
fication (Fig, IC), The GP of our LCMV-WE sUaui (Lp^V- 
WE-^) some characteristic nucleotide changes in compar- 
ison to the most frequently used pia$mid (containing 
LCMV-WE cDNA) in our laboratory |lja^-WEiM22138 
(29)], Tlie sequenced region in Fig. iC is diagnostic for these 
mutations and Indicates that contamination 1^ plasinids is 
unlikely* The region of GP encoding the GP33 D^'-restricted 
epitope, which represents the immunodominant CTL target in 
. B6 mice after infection with LGMV-WE, was ricft mutated in 
these sequences, tendering it unlikely that the persistent se- 
quences were derived from CTL escape mutant viruses (31), 
.. These immune B6 mice also were anal^ed for LCMy nu- 
cieoprotcfin RNA, NP RT-PCR.was podtiveln a ^ilar pro- 
portioa of inice as forGP RT-PCR in low and high dose inf^o 
and at both time points analyzed (Table 3 and Fig. IB). In the 
majority of cases, NP RNA was detected in the same organs that 
were positive for GP RNA. The few discreparides observed are 
probably due cither to different copy numbers of LCMV GP and 
NP RNA, slightly different sensitivities, or to the fact that RNA 
levels in immune mice are just at the detection level, as assessed 
by nested RT-PCR performed at limiting dilution conditions on 
reverse-transcribed RNA from immune mice (data not shown). 

The appro:(:imate munber of RNA copies present in organs of 
iminune mice cannot be readily extrapokte^ from the plasmid 



titration experiment presented in the first section because nei- 
ther the e^ciency of RNA extraction nor that of the reverse 
transcription step are known. Nevertheless, a relative estimation 
of viral RNA copies can be obtained by the comF^arison of 
acutely mf«ected mice (day 4) with immune mice (after day 60) 
after Lv, infection with 200 pfu of LCMV-WE. Nested PCR 
performed at ^mitii^ dilution demonstrated that the relative 
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Rg, 1. Detection of LCMV-WE RNA In immune mice. (.4) PCR amplification 
strategy with schematic representation of the S strand of LCMV, yvhich en- 
codes the glycoproteins (Cif 1 and GP2) and the nudeoproteln <NP)1n opposite 
sense. The primers used are indicated. (B) RT^R on reverse-transqibed 
ONase^eated RNA extracted from spteea kidney, and lung of two 86 mke 
(M7 and M1 2 In Table 3) infected^O days previously with LCMV-WE (200 pfu 
I.V. for M7 and 2 x 10« pfu i.v. for Ml 2) using GP- and NP-spedfIc primers as 
detailed.in Material and Metjhods. Products were run on 1 % agarose gels and 
were visualized with ethidium bromide. Product sizes are 907 bp for GP and 
207 bp for NP, Controls tn this experiment were no cDNA (lane 1) arid RNA 
extracted from organs of an uninfected mouse (lanes 8-10), The positive 
icontrol was cDNA template from MC57 cells infected with LCMV (multiplicity 
of infection 0.02) and was cultured for 48 h. (O Partial sequence alignment 
(nudeotides 438-479) from amplified GP products (spleen isolates). Products 
were isequenced by using Inner PCR pHmer$ (RC1/0M1) and were compared 
with LCMV-WE sequence derived from ourviralstock{LCMV-WE-ZH)and ftom 
a plasmid frequently used in our laboratory, containing GP cONA (GenBank 
accession number M22138). Positions of di^erence in nudeolkles are fndi- 
catedJ 
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table 3. LCMV detection by nested RT-PCR specific for GP and NP and by tmmunohlstodtemistry in different organs of Individual 
LCMV Immune mice 

LCMV-WE detection 



Croup 


Time after 
ififection 


Mouse 




Spleen 






Kidney 






Lung 






PCR* 


Histo* 




PCR* 


Histo* 


PCR* 




Histo* 


GP 


NP 


GP 


NP 


GP 


NP 


200pfuof 


Day 40 


Ml 


+ 


— 


+ 


— 


- 


- 


+ 




- 


tCMV i.v. 




























hA2 














+ 


+ 








M3 














T 


X 

■T' 






Day 80 


M4 




HO 


+ 


+ 


NO 


— 






— 






M5 
























M6 


+ 




ND 






ND 






ND 






M7 


+ 


+ 


ND 


+ 




NO 






NO 


2xlO«pfudf 


Day 40 


M8 


+ 




+ 


+ 


4- 




+ 


+ 


+ 


tCMVi,v. 




M9 




+ 


+ 


+ 






+ 


+ 








M10 


+ 


+ 


+ 


+ 




+ 




+ 


+ 




Day 80 


M11 








+ 


+ 




+ 


+ 


+ 






M12 


4- 




+ 




+ 


+ 




+ 


+ 






M13 




+ 




+ 


+ 


+ 









Spleens, kidneys, and lungs were hanrested from individual mice <M 1-13) infected 40 or 80 days previously with 200 pf u of LCMV-WE Kv, or 2 x 10* pfti of 
UMV-WE U. ND, not determined. 

^Ne^ed PCRspedflctor GP and NP on feverse-transcrlbed RNA extracted from indicated organs. 

.^fmmunohistological analysis of tissue sections with anti-LCMV-NP antibody (VL-4}. Positive and negative samples are Indicated. 



value of ENA copies in an acute infection is lO^X in ^rcess 
compared with the vMue during the memory phase; tiiis confirms 
that levels of infection are very low indeed. 

We next performed NP>spedfic RT-PCR on spleens taken 
from immune BALB/c (H-2^) mice. In accordance with tide 
results from B6 mice, 3/5 spleens were PCk positive on 

day 55 after low dose (20Q pfii) infection and sequencing 
confirmed LCMV-WE NP amplification (data hot shown). As 
controls, spleens from 3/3 LCMV^WE-carrier BAUB/c mice 
fitnd 0/3 spleens from uninfected mice were positive in this series 
Of experiments. The region of NP encodmg the NP118 
restricted epitope, whidi represents the immunodommaat CTL 
target in BALB/c mice after infection with LCMV-WE, was not 
mutated in a total of five sequences obtained from five individual 
■ BALB/c memory mice. 

In all of the experiments presented iii this section, spleens, 
luug^ and kidneys firom uninfected control mice, as well las 
no-DNA-controls, were always negative, A smgle round PCR 
performed on some positive organs of the nested RT-PCR- 
tested immune mice either with conditions and primers of 
pranary reaction (Rl/OOl for GP and 28IS/3060 for NP) or of 
secondary reaction (RCl/DMl for GP and NP5'I/NP3i for 
NP) was negathre, even though these protocols wUl amplify GP 



or NP from cDNA prepared IBrom acutely infected MC57 cells as 
a positive control (data not shown). This is consistent with 
previous observations using LCMV-Annstrong strain (24)/ 

It is important to emphaisize that spleens, lungs, and kidneys 
from ail of the Immune mice tested were uniformly negative for 
LCMV by conventional focus-forming assay. Because pf meth- 
odological lunitations, thedetectiontimit was ^40 pfu per spleen 
and 20 pfo per lung or kidney (data summarized In Table 4), 

Virus Persists in Replica^ve Form. We next addressed the question 
of whether the Viral geaome detectable by PCR was assodated 
with replication-K^mpetent Virus. As previously described (23), 
attempts to isolate virus directly from tissue homogenates were 
unsuccessful. In a more sensitive m vivo assay, AG 129 mice were 
used as redpients for adoptively transferred splenoqrtes from 
immune mice. Such WH-a/^/y receptor-deficient mice are 
extremely susceptible to LCMV mfectibn, and vhus ^ows 
rapidly in all tissues (30), It is important to note that these mice 
were housed individually because virus secreted by a LGMV- 
positive AG 129 mouse infects AG 129 mice in the same cage 
within 1-2 days (data not shown), Sudi mice are susceptible to 
vuemia after mocolatlon with 0,1 pfu LCMV, as stated before. 
We injected 10^ intact ^leen cells from hnmune huce Lv: into 



Table. 4. Summary of experiments that detect LCMV in the 

&cperimental group 



groups of immune mice by various methods 
Ratio of LCMV positive mice in different detection systems 



infection with LCMV-WE 


Time after infection 


Focus-forming assay 


Transfer in AGi;S mice 


Nested RT-^ft 


Immunohistology 


200 pfu Lv. 


Day 40 


m 


1/3 




m 




Day 80 


m 


2/4 


4/4 


4/4 


2xlO«pfuLY. 


Day 40 


m 




m 


SB 




DaySO 




3W3 


m 


3/3 



Three to .four 66 mi ice per group and Ume point were Immunized with 200 or 2 x .10^ pfu of LCMV Lv. After 40 or 80 days; organs were harvested, and four 
different methods were used to detect efther LCMV genome Rested Kt-PCR), LCMV antigen (immunohistology with rat 9nti-LCMV4IP anHbddy; VL^) or 
replication-competent LCMV (foai^forming assay and transfer of l^sbe homogenates Into AG 129 mice), as detailed in Afater/afeand Metftocfe, The ratio of 
iCMV^fiositfve mice by Fespektnra tedi 



Chir«a etsi. 
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fig. -2. Detection of LCMV-ahtlgen in different spleens and kidneys of 
LCMV-intmune B6 mice by immunohtstotogical analysts. Spleens and kidneys 
were harvested 80 days after infection with 2 x 10« pfu LCMV-WE (C-f). 
Control sections from uninfected animals are shown {A and 6). frozen tissue 
sections were stained with VL'4, a rat anti-tCMV-NP mOnodonal Ab (A-O). 
Paraffin sections were stained with a rabbit anti-LCMV serum [hyperimmune 
serum (His)3 (f). (X400,). 

AG 129 mice and determined LGMV titers in blood and organs 
of the recipients by focus-forming assays 4 days after transfer. 
Two of five B6 mice infected for >60 days previousty with 
LCMV-Wp (200 pfu i^v.) were positively this technique, as were 
three of four mice infected with 2 X 10^ pfu. Viral titers in the 
blood were between 5 X 10^ and 5 X 10^ pfd per ml. Transfer 
. of splenocytes from uninfected (X)ntroI mice, uninfected MC57 
cells, or medium alone did not lead to detectable viremia in the 
A<3129niice. 

.: In a ^parate set of experimentSi lung homogenates from 
individual LCMV immune mice (which were used in the RT- 
PCR experiments above) were injected i,p, into AG 129 mice. 
Lung homogenates from mice infected 40 and 80 days previously 
with 200 pfii LCMV-WE caused vhemia in 1/3 and 2/4 AG129 
mice, respectively (Table 4). All AG129 mice (three per group) 
Injected with lung homogenates isolated 40 and 80 days after 
Infection with 2 X 10^: pfo LCMV*WB exhibited viremia (Table 
4). The results in Table 4 indicate that it ivas relatively more 
difficult to find infectious virus that could replicate in AG 129 
mice than to detect viral RNA by RT-PCRJn organs of immune 
mice. This does not conflict with the findings of the sensitivity 
assays using acutely infected material (Table 2) in which AG 129 
mice proved to be very sensitive because of the different 
biological starting material used and the limitations stated in the 
first section. 

Detection pi Viral Antigieii. in lissues of Immune Mice by Immunoflis- 
tofogy. To evaluate whether viral ant^en might persist in solid 
organs of immune mice, we next stamed tissue sections from 
LCMV immune B6 mice with the monoclonal rat anti- 
LCMV-NP antibody VL-4 (32) or with a rabbit anti-LCMV 
hyperimmune serum, which stains all LCMV antigens. Al- 
though, in lymphoid organs, occasionally an isolated cell was 
found to present ncinspedfic staining, clusters of 3-5 stained cells 
(Fig. 2C) were never seen in uninifected control animals. In 
kidneys and lungs, epithelial cells neVer exhibited baci^rouad. 
staining. Multiple sections froih spleens, kidneys, and lungs from 
>30 mice at different time points after infection (iip to 120 days) 



with 200 pfu or 2 X pfu LCMV-WE were examined. 
Although most of the spleen sections were positive, only rare 
cells or groups of ceils were stmed in kidney and lung sections 
after 200 pfu LCMV-WE; many sections were negative. How- 
ever, for all mentioned conclitions and time points, a couple of 
positive sections were found also for these organs (data not 
shown). Fig, 2 shows representative spleen and kidney sections 
from mice immunized 80 days prevfously with 2 X 10^ pfu 
IX^MV-WE and from uninfected control mice. 

A comparison of the different LCMV detection techniques on 
the set of mice unmunizdd 40 and SO days previously with200 pfii 
LCMV-WE i,v*, mentioned in the previous sections, shows that 
virus can be detected immunohistolog^cally in the spleen (Table 
3). After mfection with 2 X 10^ pfu LCMV-WE, spleens, kidneys, 
and lungs were regularly positive by this technique (Table 3 and 
Fig. 2), confirming the resulte obtained by RT-PCR and those 
obtained by in&ction of AG 129 mice. 

Discussion 

The questioii of whether LCMV persists in vivo in immune mice 
is important from both immunological and virological view- 
points. In the former, there has been ongoing debate about the 
role of persistent antigen [either generated by persisting infec- 
tion (26, 33), antigen depots or re-exposure to cross-reactive 
infections (34, 35)] in maintaining protective immunological 
memory (36, 37). There is evidence that antigen is not required 
to maintain elevated CTL precursor levels as measured in vilm 
and GTLs, which may efficiently ejqjand in vivo in response to 
viral challenge (25, 38). Moreover, there are important qualita- 
tive differences between the function of memory induced by 
LCMV itseK O^e,, presence of "activated" effector memory T 
cells) and anti-LC!MV memory induced by other means (recom- 
binant vaccinia, recombinant Listeria, peptides etc), which 
yields "quiescent" memory T celte, in tenfls of kinetics^ imme- 
diate protective capadfy, and ability to home to infected pe- 
ripheral sites (10, It, 39). It has bebn proposed that these 
differences were attributable to persistence of LCMV antigen in 
soine form (40). Earlier studies had failed to demonstrate direct 
evidence for persistent virus (23-^25). The current study has 
taken advantage of several improved methods and has used itiice 
extremely sensitive to virus i^ection to re-evaluate this issue. 
The results provide evidence for persisteince of small amounts of 
virus in the normal mouse even, after low dos^ infection with 
LCMV-WE. This evidence was obtained at the level of vhal 
genome, y kal antigen, arid recoverable virus, all of which were 
present at very Ipw levels; The studies were not positive for all 
tested organs in the mice. The consequence of the differences 
seen after low dose (200 pfu) and high dose (2 X Itf^ pfii) 
infection should, however, riot be over-interpreted. Ihe negative 
results in some orgians may indicate that there areprobabfyeiflier 
osdllating levels of virus production or that there is still a 
detection limit with the assays used. Even the most sensitive of 
these, PCR (which is capable of detecting 3-6 DNA copies per 
reaction) could only detect rever^transcribed RNA at die level 
of «iQ-4d admixed LCMV-infected MC57 cells, and the 
amounts detected in the positive ofgans. appeared to be juSt 
above this detection limit 'Hie apparent discrep9n<:7 between the 
sensitivity assay iq Table 2 and the findings summarized in Table 
4, that nested RT-PCR detected more positive animals arid 
organs than the AG 129 transfer assay, may be explained as 
foUows: First, one may argue that cotransfer of few riAbs during 
injection of organ homogenates into AG 1!29 mice may render 
this in v/vo readout less efficient. This is, however, unlikely, as it 
was shown that productive LCJMV infection in the presence of 
excess nAb is still possible (41). Second, as pointed out, the 
technical and methodological limitations are obvious. In partic- 
ular, the vatidatiiig titrations in Table 2 cannot overcoriie the 
probli^n that we do not know the relative vahies of RNA copies 
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versus infectious uiiits ia org^s of mice infected for 40-80 days. 
Nevertheless, the fact that» in many immune mice, replicating 
virus could be isolated after transfer of organ homogenates into 
AG 129 mice strengthens the PCR and histological findings. 
When taken together, these results make a strong case for 
persistent LCMV-WE infection even after infection with .200 
pfa. 

We have previously demonstrated that LCMV-WE sequences 
may persist in immune mouse spleen in DNA form (23). This is 
a:ttributable to reverse transcription by endogenous retroviral 
elements and was only seen in mouse and hamster cells, spedes 
in which LCMV is able to establish a carrier state. It is not clear 
whether these LCMV sequences have biological activity, as it 
would require illegitimate recombination and promoter action, 
but we have speculated that low level protein expression could 
occur, sufficient to contribute to immunological memory^ or 
potentially viral persistence, Tlie presence of RNA viral ge- 
nomes demonstrated in this study represents a more conven- 
tional means for Iqw level maintenance of infection in a '^sub- 
clinical" form. The relative importance of the two potential 
forins of persistence remains^ to be determmed, although the 
relative abundance of genomic RNA and its presence in virtaally 
all mice tested^ as seen in this.stad/, makes viral RNA likely to 
be the most significant. 

There is little doubt that T cell precursor frequencies depend 
largely on the initial burst size and then are maintmned at fairly 
stable levels in an antigen-independent manner (25, 38). Overall, 
our observations do not directly answer the question of whether 
viral antigen is required for the maintenance of protective 
immunological memory, but, together with earlier experiments 
and a recent study by CMisenbeiin et at comparing protective 
memory induced by LCMV-WE versus recombinant Listeria 

1. Traub, R (1935) ^aerice 81, 298-299. 

Z Hotdiin, J. (1962) Cold Spring Harbor Symp. Quani, Biol 27, 479-499. 

3. Rowc, W. P. (1954) Navy Res. Rep, 12, 167-220, 

4. Laisem J, H, (1568)^cto Pathol AficrobioL ScaruL 73, 106-114. 

5. Udsea, 1 It ifS^) Immunology 15-23. 

6. Volkect. M. & Lundstedt, C (1968)/. Exp. Med, 127, 327-339. 

7. Aiimed, R., iamksoii, B. D. & Porter, D, D, (1987) /• >^ 3920-3929. 
Jamieson, B, D. & Ahmed, R. (1989) /. Exp, Med 169, 19^^5, 

9, Murali-Kiishna, IC, Altman, J. D., Suresh, M,, Sourdive, D. J., Zjgac. A. J., 
Mfller, J. D., Slansl^i J. & Ahmed, R, (1998) Immunity 8, 177-187. 

10. Ochen, S., Waldner, H., Kundig, T. M., Hcngartner, H, & Zinkcmagcl, R. M, 
(1992) J. Exp. Med 176, 1273-128L 

1 1, KCridig, T. Kt, Badiniaim, M. F.^ Oehen, S., Hofimaiin, U. W^ Simard, J. J. L, 
Kalbcrier, C P^ Pirchcr, H., OhasW, P. S., Hengartner, VL & Zinkemkgd, R. ML 
(m€iJ^Nad,AcadSd.USAn,7116-^rm, 

tZ Baduiiaim,M:F., Knndig,T. M.,Heiigartiier,H. &Zaok»niageI,R.M.(1997) 
PrtK. Nad Acad. S<t USA 94, 640-645; 

13. Batt«^y, M, Moskoi^idis, D., Waldao; R, Bnui<fler, M A^ Fimg-Leung, 
W.-P.. Mak, T. W., Hengartner, H. & Zinkeiii^ R. M. (1993) X Immunol 
151,5408-5415. 

14. Planz, SeUer^ P., Hengartner, H. & Zidkemagd, R. M. (1996) NatuK 
tLondon)m,726-m. 

15. Chtsari, F. V, & Ferrari, C (1995) Armu. Jl<v. AnmmoL 13, 29-60. 

16. Rdiermatm, B., Ferrari, C, PasquineHi, C & Chtsari, f1 V. (1996) Nat, Med. 
2, 1-6. 

17. Hoofoa^e, J. H. (1997) Hepatology 26, 15S-20S. 

18. Faud, A. S. (1996) Nature (London) 384, 529-534, 

19. Madcaness, G. B. (1968) Anu Rev. Respir, Z)w. 97, 337-344. 

20. Britton, W, J, (1993) Tmns. k. Soc Twp. Med Hyg. 87, 508-514. 

21. Thomsen, A, IL, Johanseit, Maikcr, O. & Oiristensen, J. P. (1996) 
/. ImmwioL 157, 3074-3080. 

22. Planz, Q, Ehl, S., Fuirer, R, Horvath, E., Brundler, M. A., Hei^artncr, H. & 
Zmfcraa^el, R. M, (1997) Proc Nad Acad. ScL USA 94, 6874-^879, 

23. Klenennao, P., Hengartner, H. & Zinkcraagel, R. M. (1997) Nature (London) 



expressing (42), tiiey provide strong supporting 

evidence. Therefore, viral antigen may exist during the memory 
phase and could contribute to protective memory mediated by 
effector memory T cellis. These results indicate that, contrary to 
previous reports — but consistent with the observed immunolog- 
ical response to infection that includes very late emergence of 
nAb-rLCMV-WE does persist at very low levds in normal mice 
after acute infection. This persistence may contribute to the 
maintenance of functional status of immune memory cells and 
to the re-emergence of virus in immune deficient mice. These 
findings may be relevant to other Arenaviruses and RNA viruses, 
where lifelong immunity is observed in the absebce of known 
re-infection, but also so far without evidence.for pereistence of 
infection, Tliey correlate with findings in other infections, such 
as HI V, hepatitis B virus, and hepatitis C virus in man (reviewed, 
respectively, in refe. 15-18), where virus persists in the face of 
apparently intact immune responses. Understanding the mech- 
anisins involved is not only relevant to the biology of persistent 
virus infections in general but may also explain "ictfection 
immunity." This term had been coined by Madcaness to describe 
the situation after Mycobacterium tubercidosis infection (19), 
which also applies to leprosy (20), where low level infections by 
few persisting mycobacteria keep spedfic and nonspecific cell- 
medtated immunity protective^ 
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